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ABSTRACT

We perform ambicnt noise tomography of China using the data from the China National Seismic Network and
surrounding global and PASSCAL stations. The results so far are summarized below. (1) Dispersion measurements
and tomography. For most of the station pairs, we retrieve good Rayleigh waveforms from ambient noise
eorrelations using 18-months of eontinuous data at all distanee ranges across the entire region (over 5000 km) and
for periods from 70 s down to about 8 s. We obtain Rayleigh wave group and phase velocity dispersion
mcasurcments using a frequency-time analysis method and invert for Rayleigh dispersion maps for periods from 8 to
60 s. The dispersion maps eorrelate niccly with surface geology. (2) Error estimates using bootstrap analysis. A
major feature of the ambient noise method is that the whole process is completely repeatable with different time
scgments, which make it possible to evaluate the uncertainties. We adopt a bootstrap mcthod to quantify the crrors
in the Rayleigh wave group veloeity dispersion measurements and the tomographie maps. Most of the pairs show
similar dispcrsion curves between differcnt runs and small standard deviations, indicating good data quality and
eonvergence of the Green funetion. Group veloeity at long period end generally has a larger error, which is
consistent with the notion that the long period necds longer time to converge. The best retrieved periods arc from 10
to 30 s with the optimal period of around 15 to 20 s.

Pairs with large errors do not decpend on the orientations of the paths or the locations of the stations. Rathcr, they arc
associatcd with a fcw stations with large average standard errors. The likely causes arc missing data and poor
instrumentation (or site eonditions). Where ray eoverage is good, there is only subtle difference in tomography maps
between different runs, suggesting that our solution is very stable. (3) 3D strueture. We invert the Rayleigh group
and phase dispersion maps for 3D shcar-wavce vclocity structure. The 3D model shows some remarkablc featurcs,
including slow sedimentary layers of all the major basins in China at the shallow depth, Moho depth variation, fast
(strong) mid-lowcer crust and mantle lithosphere in major basins surrounding the Tibctan Platcau (TP) (Tarim,
Ordos, and Sichuan). These strong blocks thus seem to play an important role in econfining thc dcformation of the TP
to be a triangular shapc. The Moho change from plateau to the marginal basins (Tarim and Sichuan) is rapid,
corresponding to the rapid ehange of the surface topography. In northwest TP, slow anomalies extend from shallow
erust to mantle lithosphere (at least 100 km). Widespread, prominent low-veloeity zone is observed in mid-crust in
much of the TP, but not in the margin areas, eonsistent with the crustal channel flow model.
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OBJECTIVES

The overall objective of this projeet is to obtain surface wave dispersion measurements from ambient seismie noise
correlations of the Chinese baekbone stations (CNSN) and use these measurements to produee surfaee wave
dispersion maps of China. More speeifieally, the objectives are: (1) to obtain dispersion measurements between
CNSN stations; (2) to obtain dispersion measurements between CNSN and FDSN, regional networks, and temporary
stations; (3) to obtain dispersion maps from these dispersion measurements.

RESEARCH ACCOMPLISHED

We reported the basic metholodgy, data sets, and initial results in the last year’s review (Song et al., 2008), part of
whieh has also been published in Zheng et al. (2008). Below is an update to that report. In this report, we nearly
double the amount of the data and the number of stations used, and as a result, we provide new dispersion
measurements, dispersion maps, and 3D veloeity model. We have also condueted resolution tests of our 3D
inversion.

Mcthod and Data

Theoretical and laboratory studies have shown that the Green funetions of a strueture ean be obtained from the
eross-eorrelation of diffuse wavefields (e.g., Lobkis and Weaver, 2001; Campillo, 2006). The basie idea is that
linear waves preserve, regardless of seattering, a residual coherence that ean be stacked and amplified to extraet
eoherent information between reeeivers. The idea has found rapid applieations in seismology. In partieular, surfaee
waves have been found to be most easily retrievable from the eross-correlations of seismie eoda (Campillo and Paul,
2003) or ambient noise (Shapiro et al., 2005; Sabra et al., 2005) between two stations. Both Rayleigh waves and
Love waves can be retrieved. The new type of data has rapidly been used for tomographie mapping at regional or
loeal scales and on eontinental seales. Most studies have foeused on Rayleigh wave group vclocity tomography from
ambicnt noise. However, the method is applicable to Love waves and phase velocity measurements.

Ambient noise tomography (ANT) overecomes several important limitations of conventional methods based on
earthquakes; i.e., uneven distribution of earthquake sourees, uneertainty in earthquake loeation, and attenuation of
short-period surface waves. Thus, the method is particularly useful for surface-wave path ealibration and for
tomographie mapping in aseismie rcgions especially at short periods (below 30 s). In addition, the method can be
applied any time without the need to wait for earthquakes and is eompletely repeatable, allowing the quantification
of errors.

Figure 1. Distribution of seismic
stations used in this study, including
China National Seismic Network
(CNSN) stations (solid whitc
triangles), global and regional stations
in the surrounding regions (solid pink
triangles), and PASSCAL stations
(open blue triangle). We have also
uscd some 175 tecmporary stations in
western Tibet from HiClimb not
included in this map. Plotted also are
major tectonic boundarics and major
basins. The basins (labcled) include:
) \ Tarim (TRM), Junggar (JG), Qaidam
3 (QD), Sichuan (SC), Ordos (OD),
70° 80° 90° 100° 110° 120° 130° 140° 150° Bohai Wan (BHW), and Songliao (SL)

Basins.
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Our main stations are from the China National Scismic Network (CNSN) (Figure 1). The CNSN is the national
backbone network, established around 2000, with a rclatively uniform distribution across the ¢ontincntal China. To
increasc data covcrage, we also include permanent and temporary stations in the region. We use 12 or more months
of continuous data from 47 CNSN stations and 39 stations in surrounding regions and some 270 PASSCAL stations
in the TP. All stations are broadband. The bandwidths of the CNSN stations are from 20 Hz to at least 120 s. We use
the data processing and imaging techniques deseribed in grcat detail by Bensen et al. (2007). Below is a brief outline
of our data procedure. First, we obtain the empirical Green function (EGF) from ambient noise eross-correlation.
Continuous data are pre-processed before correlation and stacking, which ineludes eloek synchronization, removal
of instrument response, time-domain filtering, temporal normalization and spcctral whitening. The purpose is to
reduce the influence of earthquake signals and instrument irregularities and to enhanee the strength and bandwidth
of the ambicnt noise correlations. Second, if the signal-to-noise ratio (SNR) is sufficiently large, Rayleigh wavc
group speeds are measured using a frequeney-time analysis (Ritzwoller and Levshin, 1998). Finally, the inter-station
dispersion mcasurements are used to invert for thc Rayleigh wave group veloeity maps, in exactly the same way as
carthquake-based measurements.

Dispersion Measurements and Tomography

For most of the station pairs, we are able to retricve good Rayleigh wave signals from thc ambicnt noisc corrclations
(Zheng ct al.,, 2008). Figure 2 shows typical examplcs of EGFs and group vclocity measurements of Rayleigh waves
retrieved from ambient noise correlations. Our eross-correlations show clear arrivals at differcnt settings (near the
coast or well into the continental interior) and at both relatively low frequencics (20-50 s) and high frequencics (5-
20 s). The EGFs can be retrieved over the cntire region (at distances of over 5000 km) (Figure 2a).

A. Cross-Correlation (10 - 30 s B. Cross=-Correlation (HTA - BRVK)
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Figure 2. Example of Rayleigh wave EGFs and dispersion measurements obtained from ambient noise
corrclations. (a) Symmetric component of the correlations between station QIZ (in Hainan
Provinee, China) and other stations. The traces are band-pass filtered at relatively short periods
(10-30 s). (b) EGFs filtered in different frequency bands. Long-period surface waves are clearly
faster than short-period ones. The path is between HTA (bordering Tarim in the south) and BRVK
(Borovoye, Kazakhstan). (¢) Frequency-time analysis (Ritzwoller and Levshin, 1998) used to
retrieve Rayleigh wave group velocity dispersion curve (white) for the HTA-BRVK path, The black
dashed eurve is the prediction from the 3D global shear veloeity model of Shapiro and Ritzwoller

(2002), which is used for phase-matched filtering in the data analysis and for comparison with
measurements.
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Figurc 3. Distribution of Rayleigh group (solid) and phase (dashed) dispersion mcasurcments for different
periods (Icft) and ray density map for Rayleigh group dispersion measurements at the pcriod of 20 s
(right). The ray density is the number of rays inside 1 degrcc by 1 degree cell. The rays arc station
pairs for which dispersion measurements have been obtained. The ray coverage is best for periods
10 to 30 s. Coverages for shorter or longer periods deteriorate, but the spatial coverage patterns

remain similar.
Wc measured group velocity dispersion curves (Figurc 2c¢) for station pairs with Raylcigh wave SNR>10. The SNR
is defined as the ratio of the peak amplitude of the Rayleigh wave to the root-mean-square value of the background.
The measurement is very stable. Clear dispersion can be commonly observed directly from the EGFs (Figurc 2b).
We found that the group velocity measurements can extend to periods of 10 s or shorter even for station pairs that
are separated over thousands of kilometers. The group velocities of the HTA-BRVK path (Figure 2b,c), which
samples the Tarim Basin, agree with a global 3D earthquake-based modcl (Shapiro and Ritzwoller, 2002) at longer
periods but differ significantly at short periods (below 30 s). The slow group vclocities at short periods are caused
by the thick sediments of the Tarim Basin (sec discussion bclow).
We have obtained dispersion measurements with SNR>10 for periods 8 s to 70 s (Figure 3, left). The best observed
frequency band is 10 to 30 s with a retrieval rate of 50 to 80% of all the possible pairs. The ray paths provide good
coverage of almost the entire Chinese continent except at the margins (Figure 3, right).

3 32 13 32 3 as 37 38

Figure 4. Rayleigh wave group velocities obtained in this study. Shown arc the maps at pcriods 10 to 60 s,
respectively. Plotted in the background arc major block boundaries and basin outlines (Figure 1).
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The ray covcrage of our dispersion measurcments is sufficient for us to invert for Rayleigh wave group velocity
maps at periods from 8 s to 60 s (Figure 4). The results show rcmarkable features that correlate with large-scalc
geological strueturcs of China (discussed in more details in Zheng et al., 2008). Major basins are well delincated
with low veloeities at short pcriods (8 to 20 s), ineluding Bohai-Wan Basin (North China Basin), Sichuan Basin,
Qaidam Basin, and Tarim Basin. The stable Yangtz Craton also shows up well with high veloeities. At longer
periods (25-50 s), the group velocity maps display striking bimodal distribution with high vclocity in the cast and
low velocity in the west, whieh corresponds very well with the thinner crust in the east and much thicker erust in the
west (c.g. Liang et al., 2004) as in global reference model CRUST 2.0 (http://mahi.ucsd.edw/Gabi/rem.html). The
NNE-SSW trending boundary between fast and slow velocities (around longitude 108°E) coincides with the sharp
topographic change and with the well-known Gravity Lineation.

3D shear-wave Structure

We use the Raylcigh wave group and phasc veloeity maps (8-60 s) obtained from thc ANT to invert for 3D S
strueture. The inversion is done using programs by Bob Herrmann of St. Louis U. Resolution tests suggest that a 4x4
dcgree pattern can be resolved in most region of China (Figure 5). The inversion results show some remarkablc
features for continental China and in particular the Tibctan Plateau (TP) (Figure 6), including slow sedimentary
layers of all the major basins at the shallow depth, striking east-west contrasts in Moho depth variation and
lithosphere thickness, fast (strong) mid-lower erust and mantle lithosphere in major basins surrounding the TP
(Tarim, Ordos, and Sichuan) (in eontrast, Qaidam Basin does not have such a “dccp root”™). Thesc strong blocks thus
secm to play an important role in confining the deformation of thc TP to be a triangular shapc. The Moho change
from plateau to the marginal basins (Tarim and Sichuan) is rapid, corresponding to the rapid change of the surface
topography. . In northwcst TP, slow anomalies extend from shallow crust to mantle lithosphere (at least 100 km).

37.5 km
i N A TN
95km W

A

A
i

Figure 5. Results of a checker-board test. The input is alternating pattern of 4x4 degrees with S velocity
perturbations of 5%.
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Figure 6. Inversion results of S velocity at 7.5, 37.5, 65, and 95 km.

Extremely slow S velocities mark the mid-crust in much of the central, eastern, and southeastern TP. These slow
velocities are widespread and often (but not always) connected in a laminar form. They seem to reach to the surface
at certain localities in western, southern, northern, and southeastern margins. The mid/lower crust low velocity zone
provides support for the channel flow model that has been proposed for the outward growth and uplift of the TP (e.g.
Clark and Royden, 2000) and for the extrusion of crustal materials to the surface ( Beaumont ct al., 2001).

We are exploring the S velocity model we have dcrived on its characters and tectonic implications. Because of the
apparent correlation of the S velocities and crustal thickness, one useful exercise is to derive a crustal thickncss
model based on the Vs model. If we obtain the Vs that corresponds to the depth of the Moho as defined by the
reference model CRUST 2.0, we find that the avcrage of the S vclocities is nearly constant (Figurc 7). We thus usc
the lincar trend as a calibration of using the S velocity to find the true Moho (The linear trend has nearly thc same Vs
value with only a small positive slope). Thus to find the true Moho for any given point, we follow the steps: (1) Find
the reference Moho dcpth from CRUST 2.0, (2) find the reference Vs from the linear trend, and (3) find the depth
that corresponds to the reference Vs (and close to the CRUST 2.0 depth). The procedure ensures that the newly
derived Mcoho map (Figure 8, left) is similar to the CRUST 2.0 (Figure 8, right) overall, but the new map shows
detailed variations that correspond to variation in § velocities.

Figure 7. S veloeities at the depth of CRUST 2.0 Moho that
are retrieved from our S model.

Vs at Crust 2.0 Moho (kmy/s)

20 30 40 50 60 70 80
Crust 2.0 Moho (km)
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Figure 8. Crustal thickness map derived from the S velocity model (left), in comparison to reference CRUST
2.0 model (right). Note the map scales are different.

Validation and Error Analyses of Dispersion Measurements and Tomography

We have examined the errors of our dispersion measurements and tomography in a variety of ways (see a summary
by Zheng et al., 2008). The methods include the following. (1) Validation with surface observables. Comparison of
the tomographic maps with the geological features discussed above provides an important initial validation of the
ambient noise tomography (ANT) methodology; i.e., the method provides models of group wave speeds that are
consistent with well-known geological features and other geophysical observations. (2) Direct validation with
surface wave generated by an earthquake along the same path (e.g., Shapiro ct al., 2005; Benscen ct al., 2007).

(3) Comparing EGFs obtained from ambicnt noise and that from seismic coda (Yao et al., 2006). (4) Temporal
stability: Comparing the EGFs from the data observed at different time periods (c.g., different months) (Shapiro ct
al., 2005; Yao et al., 2006; Bensen et al., 2007). Furthermore, because the principal ambicnt noise sources are
believed to come from the oceans, which are seasonal, the consistency of the correlations from diffcrent seasons
gives a measure of the stability and error of the EGFs. (5) Spatial consistency: Comparing station-pairs along similar
paths (Bensen et al., 2007). The EGFs between a far-away station to two or more stations that are close to onc
another should be similar as the paths sample similar structure. We have examined temporal and spatial consistency
of our dispersion measurements and found that they are very consistent whenever the SNRs of the EGFs are high
(sce examples in Zheng ct al., 2008). (6) Model-based validation: comparing predictions with carthquake-based
measurements (Figure 9). (7) Bootstrap analyses (Xu et al., 2008) (see below).
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Figure 9. (Left) Retrieval of Rayleigh wave group veloeity of a 2008 Wenchuan aftershoek at Lhasa station.
(Right) Comparison of observed (dots) and predieted group veloeities of Rayleigh (blaek) and Love
(red) waves along the path. Lines are predictions for the ambient noise tomographie model.The
retrieval of the surface wave EGF relies on the stacking of cross correlation of continuous data for long cnough time
series. The total length of data required for the Green function to converge is empirical and highly frequency
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dependent: generally the longer the period the longer the time is needed. Furthermore, the ambient noise souree and
station site eonditions (ineluding instrumentation stability) are uneertain. We have reeently proposed a bootstrap
method to quantify the errors in Rayleigh group veloeity dispersion measurements and group veloeity tomographie

maps, based on the ecomplete repeatability of the ambicnt noise eorrelation and tomography proeess (Xu et al.,
2008).

Our bootstrap analysis follows the following steps. 1) We obtain the EGF using one month of data for each of the 18
months. 2) We seleet 18 random months among the months that we have data. The selection proeess is a random
sampling with replacement as in any boostrap methods. We then obtain the statek EGF using the EGFs of these
months for each and every station pair. Using these stacked GFs, we measure dispersion curves for all station pairs
and construet tomographic maps as usual. 3) We repeat the step 2 for 50 times. 4) We obtain the mean and the
standard deviation of the dispersion curve for each station pair from the SO dispersion eurves obtained in step 3. We
regard the mean and the standard deviation as the group veloeity estimate and the assoeiated error. 5) Similarly, we
obtain the standard errors of our tomographic models using the models obtained from the 50 iterations deseribed in
steps 2 and 3.

BJT DL2 s

Group Velocity (km/sec)
Group Velocity (km/sec)
w

X

ra

Penod (sec) Penod (sec)

Figure 10. Examples of error estimates of dispersion curves from bootstrap with a good pair (left) and a bad
pair (right). Black curves are dispersion measurements for all the 50 runs. Red eurves are the
mean values. Error bars at different periods indieate the standard deviations. For the good pair
(AXX-MAKZ), dispersion curves for different runs are very elose to eaeh other. The standard
deviations are small throughout the whole periods. For the bad pair (BJT-DL2), dispersion eurves
spread out at long periods. The large standard deviations at long periods indieate large errors in
the measurements.

Figure 10 shows two examples of error estimates of the dispersion eurves using the boostrap method. Most pairs
show similar dispersion eurves between different runs and small standard deviation (generally less than 0.1 knvs),
indicating good data quality and convergence of the Green funetion. Group velocity at a long period generally has a
larger error, whieh is eonsistent with the notion that the long period needs longer time to eonverge. There is only
subtle differenee in tomography maps between different runs, suggesting that our solution is very stable. Standard
deviation in the region with good ray coverage is small (generally less than 0.1 knv/s), indicating a stable and reliable
solution in well-sampled regions. The Rayleigh waves are best retrieved from 10 to 30 s with the best periods
around 15 to 20 s. A pitfall of the model error estimates is that the standard deviations in the regions with poor ray
coverage (at the margins) are also small, due to regularization in the tomographie inversion proeess. Our
tomographie inversion ineludes regularization using a prior model. Thus the inversions for the poorly sampled
regions from different runs all eonverge to the prior model, giving an artifaet of small errors.

We found that the pairs with large variations do not have a preferred orientation or a partieular geographieal
loeation. Rather, these pairs are generally associated with a few stations with large standard deviations. We derive
average standard deviation of the surface wave veloeity for each station at each period by averaging over all the
pairs assoeiated with that station. The exereises provide a way to identify and sort out good and poor stations
efficiently.
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CONCLUSIONS AND RECOMMENDATIONS

We have obtained Rayleigh dispersion eurvcs for some 30,000 station pairs at periods of 8 to 70 s from ambient
noise correlation using 12 or more months of continuous data from CNSN, global and regional permanent, and
PASSCAL temporary stations. The best observed frequency band is 10 to 30 s with a retrieval rate of 50 to 80% of
the station-pairs. We eonstrueted new tomographic maps of China for periods from 8 to 60 s, which corrclate with
surface geology. Temporal and spatial analyses suggest that the dispersion measurements and tompography are
robust. We proposed a bootstrap method, which allowed us to quantify the errors of each of our dispersion curves
and the errors of the dispersion maps. For best periods (10-30 s) and most regions, the Rayleigh waves have
standard errors of less than 0.1 km/s. We have inverted the dispersion maps for 3D S model (down to about 100
km). The models show remarkable details of the erust and uppermost mantle, including major blocks, rapid ehangcs
in Moho, mid/lower crust low velocities in TP, and variations in lithosphere velocitics. The resolution is about 4x4
degrees.
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